Physical processes in the plasma mantle of Venus by Szegö, K. et al.
GEOPHYSICAL RESEARCH LETTERS, VOL. 18, NO. 12, PAGES 2305-2308, DECEMBER 1991 
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W.T. Kasprzak •, and A.F. Nag3P 
Abstract. The Phobos-2 observations established the 
presence of a turbulent region on the dayside, called the 
mantle, just outside the magnetic barrier at Mars. This mantle 
is the interaction region of cold Martian ions and the shocked 
solar wind. This work presents the results of a study, which 
analyzed data from ten Pioneer Venus orbits, in order to see 
whether similar wave particle interaction processes al o exist 
in the corresponding region around Venus. The first 
conclusion is that he apparent physical processes in the mantle 
are indeed similar around Venus and Mars. The planetary 
thermal O + ions outside the ionopause interact with the 
shocked solar wind and excite electrostatic waves close to the 
lower hybrid frequency. These wave propagate inwards, 
heating first the electron and deeper down in the ionosphere 
the thermal ion population. The observed supenhermal ions 
are believed to be the product of this wave particle interaction 
process. Our second conclusion is that the wave energy 
transferred tothe thermal electrons i of the fight magnitude 
(~ 4x!09 eV cm -2 s -1) to provide the supplemental he tsource 
necessary to reconcile observed and calculated electron 
temperatures inthe ionosphere. 
!. Introduction 
The exploration of the magnetosphere of Mars by the field 
and particle instruments carded onboard the Soviet PHOBOS~ 
2 s.p.acecraft, revealed the existence ofa turbulent transition 
regnon just outside of the dayside magnetic bal'rier. In this 
region the wave signature, ion, and electron population were 
different both from those in the shocked solar wind and those 
found in regions closer to the planet. The physic',d processes 
were dominated by the turbulent interaction of cold planetary 
ions and the shocked solar wind [Sagdeev et al., 1990]. The 
question immediately arose whether the situation is similar 
around Venus [Nagy et al., 1990] and around other non 
magnetic solar system bodies [Szego et al., 1991].. This paper 
is dedicated to a more detailed study of this region in questton 
around Venus. 
In earlier investigations the existence of a transition region - 
called the mantle - between the ionosphere and the 
ionosheath/magnetosheath was established bythe low energy 
(~5-60 eV) electron observations of the Retarding Potential 
Analyzer (RPA) instrument on the Pioneer Venus Orbiter 
(PVO) [Spenner et al., 1980]. Suprathermal ion clouds were 
also found to be present, in this manfie region, by the Orbiter 
Ion Mass Spectrometer (OIMS) [Taylor et al., 1981]. Though 
this instmment was designed tomeasure thermal ions, it could 
also establish t e presence ofthese nergized planetary ions in 
the range of 10 to 90 eV, without being able to specify the 
exact composition r flux values. The 100 Hz channel ofthe 
Orbiter Electric Field Detector (OEFD) also indicated that 
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waves, close to this frequency range, are also a permanent 
feature of this region [Scarf et al., 1980]. The polarizations of 
these waves were not measured; however Scarf et al. [ 1980] 
identified these waves as whistlers by analogy with 
observations in the Earth magnetosphere. On the other hand 
Elphic et al. [1981], concluded that these waves might be 
electrostatic ion acoustic waves or lower hybrid waves 
generated at the ionopause. Taylor et al. [1981] suggested that 
these waves are generated locally by planetary ions interacting 
with the flowing ionosheath plasma. They also pointed out 
correlations between the intensity of the 100 Hz waves and 
the presence of suprathermal ions. These wave observations 
were recently reviewed by Strangeway [199!]. While the 
existence of the mantle was recognized by Spenner et al., 
[1980], it was not studied any further. 
It has been known since the Pioneer Venus observations 
became available, that in order to account for the observed 
electron and ion temperatures in the ionosphere heat source(s) 
beyond solar EUV radiation are required [cf. Nagy et al., 
1983]. Absorption of "whistler waves" by the ionospheric 
plasma was considered a viable energy source, but as they 
propagate parallel to the magnetic field lines, for effective 
energy transfer other type of waves are necessary. A similar 
energy source is also needed to account for the observed 
ionospheric temperatures atMars [Chen et al., 1978]. In our 
model, an appropriate mechanism for the "missing" energy 
source is provided. 
For the study presented in this paper ten PVO orbits were 
selected; these orbits were chosen such that the PVO Orbital 
Neutral Mass Spectrometer (ONMS) could, in principle, 
provide information on suprathermal ions above about 40 eV 
to several hundred eV. On some of the orbits the OIMS also 
provided information on these suprathermal ions. The results 
of the data analysis are presented next; this is followed by our 
interpretation of the observations. 
2. Data Analysis 
The ten PVO orbits were selected in such a way that the 
dayside magnetosphere cotfid be sampled as a function of the 
solar zenith angle. The orbits used are given in Table 1. 
Orbits 195, 207, 211,414 and 428 did not cross the bow- 
shock on the dayside. For the other orbits the unperturbed 
,Orb•t,,No• An•le l•8vel. SW press In OUt 148 -62 2.6 i051 '1165- 
173 -24 309 2.6 520 405 
400 -20 308 1.6 1208 943 
414 2 394 742 
!95 12 520 382 
428 25 850 577 
207 31 364 601 
211 37 452 604 
442 47 301 5.6 695 581 
226 62 358 2.6 749 1020 
The pe•ent data of the 10 orbits. Orbit No. is the PVO orbit 
numar; the angle is the solar zenith angle of the periapsis; 
SW vel. is the velocity of the unperturbed solar wind in km/s, 
SW press. is the dynamical pressure in 10 -8 dyn/em2; Inand 
Out give the altitude ofthe magnetic barrier (in kin) during the 
inbound and outbound portions of the orbit. 
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solar wind dynamic pressure and v61ocity are also listed in 
Table 1 as measured by the OPA (J. Mihalov, private 
communication). Shocked solar wind data between the bow- 
shock and the. dayside ionosphere w re not accessible to us. 
Magnetic field and wave data were available for all ten 
orbits, and with the exception of orbits 400 and 414 so were 
the densities of the thermal O + ions (OIMS data), from the 
files of the publicly retrievable PVO data system. As can be 











-750 -500 -250 0 250 500 750 
LOG DENSITY 
• t .... i,, I 
-750 -500 -250 0 250 500 750 
LOG COUNT RATE/S 
I -- 
, I, I,. ! ..... 1 






-750 -500 -250 0 250 500 750 
Fig. 1. From top to bottom the data shown from Orbit 173 
are: 
• the variation of the total magnetic field in nT, 
ß the wave fields in the 100 Hz channel of OEFD in V/n½4Hz, 
ß the logarithm of the cold 0 + ion density in ion/cm 3 from 
OIM$, 
ß the logarithm of the count rate per second in channel 16 of 
ONMS. The dots denote neutrals, dots in circles are 
suprathermal ion events. The time periods during which th6 
OIMS observed suprathermal ion events are also indicated 
here by the crosshatched areas, 
ß and the altitude of the orbiter. 
On the horizontal axes the time indicated is in seconds reladve 
to periapsis. 
given in Figure 1), the peak value of the !00 Hz signal 
appeared always at a somewhat higher altitude than the peak 
value of the the magnetic field (the narrow region around this 
magnetic field enhancement is called the magnetic barter); also 
the tail of the cold 0 + distribution always extended to the 
altitude where the 100 Hz signals were observed. 
The ONMS was designed to measure neutrals in a cold 
ambient ion environment. To avoid cold ions, the device had a 
repeller grid, adjusted to 36 V. However, ions with a directed 
energy greater than 36 eV do reach the detector [Kasprzak et 
al., 1982]. So if the ambient neutral density was low enough 
(i.e., the spacecraft was not at low enough altitude), 
sufficiently large enough suprathermal ion fluxes could be 
detected (cf. Figure 1). If the density of suprathermal ions 
was too low, the signal due to them disappeared in the 
'background', i.e., it could not be distinguished from the 
neutral count rate. The ONMS data were processed for orbits 
173, 195 and 414, some of the measured suprathermal ion 
flux values are given in Table 2. The flux was derived from 
the instrument count rate by a least square fitting procedure 
with an average flux value being generated approximately once 
per 12 second spacecraft spin period [Kasprzak et al., 1987]. 
The location of the peak fluxes (count rates) indicates that 
these particles are unlikely to have originated near the bow 
shock. Data for the other orbits are yet unprocessed. There are 
visual signatures of the presence of superthermal ions on 
orbits 207, 211 and 442, no unambiguous signals were 
observed along t).e other orbits. The fluxes of the ions are of 
the order of 10 ø - 107 cm -2 s -1 and they are observed in 
approximately the same region where the wave signals in the 
100 Hz channel are present. 
TABLE 2. 
.... OrbitNo. "173 
alt flux 
406 1.5 E6 
387 3.1 E6 
195 
alt flux 
428" 8'.'6 E6 
405 1.9 E7 
385 1.0 E7 
373 2.8 E6 
414 
alt flux 
!431 1.1 E6 
1385 2.7 E6 
1343 5.6 E6 
365 6.9 E6 
ONMS fluxes in cm -2 s-1 for three PVO orbits for different 
altitudes given in km. 
The OIMS, a Bennett ion mass spectrometer was designed to 
analyze cold ion composition during typical ionospheric 
conditions [Taylor et al., 1980]. It can provide no quantitative 
information on suprathermal ions, although in a qualitative 
manner it does indicate the presence of such ions. The upper 
limit of the instrument response is about 100 eV. Out of the 
10 orbits we investigated, there are OIMS data for orbits 173, 
195, 207 and 428 which were provided to us by Dr. J. M. 
Grebowsky. For the first three of these orbits the 
"suprathermal.ion events" are well correlated in altitude with 
the ONMS data; this is illustrated in Figure 1 for the case of 
orbit 173. On other orbits, the OIMS apparently detected the 
presence of energetic ions already at altitudes higher than did 
the ONMS. Differences are probably only due to the different 
sensitivity of the instruments. For orbit 428 there are OIMS 
"superthermal signals", but the number of events are sparse. 
We also investigated whether the electron signatures of the 
manfie (a tail in the differential energy spectra, as at Mars) can 
be identified in these orbits. The RPA measured the integral 
electron energy spectra quite frequently, and these data were 
provided to us by Dr. W. C. Knudsen. It is evident even from 
the integral spectra that the electron distribution i  the mantle 
region, i.e., close to the ionopause is different from that 
observed in the sheath [W. C. Knudsen, private 
communication]. 
In summary, we find that in 6 cases out of 10 there is a well 
defined region above the dayside ionosphere, the manfie, 
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where suprathermal ions, 100 Hz waves and unique lectron 
signatures are seen, as was discussed inthe Introduction. The 
location of the magnetic barrier for the 10 orbits is given in 
Table 1. The two orbits, 148 and 226, during which no visual 
evidence of suprathermal ions was found, crossed the 
magnetic barrier at a much higher altitude than the other orbits 
considered in this study. At these high altitudes, in excess of 
1000 km, the planetary ion density is very low, which may 
affect the processes responsible for the creation of these 
suprathermal ions, as will be discussed in the next section; 
i.e., the effectiveness of ion energization isdependent on the 
solar zenith angle. Orbit 428 does not lend itself to any easy 
conclusion and for orbit 400 important ion data are missing. 
3. The Physical Processes in the Mantle 
We consider the mantle as a special region where the 
shocked solar wind encounters cold ions of planetary origin, 
and the interaction of these two major ion populations 
regulates the most important phenomena seen there. This 
concept is basically not new [e.g., Elphic et al., 1981]. The 
new elements are the theoretical calculations, the results of 
which are in good agreement with the observations and the 
role of the excited waves as a heat source for electrons and 
ions in the ionosphere. The indicated similarity of the physical 
processes between Venus and Mars is also novel. As was 
shown in the previous ection, the cold O + population around 
Venus has a tail extending beyond the ionopause with densities 
of the order of 10 - 100 cm -3, a density comparable tothe 
shocked solar wind density in that region, which is about 50 
cm -3. No information on the shocked solar wind velocity is 
available for these orbits in the region under study; we assume 
a reasonable velocity value somewhat below 100 km s -1. 
The interaction of the cold planetary ions and shocked solar 
wind protons excite lectrostatic waves via the beam particle 
interaction process. The oscillations are excited by resonant 
ions with the resonance conditions to=ku where u is the 
shocked solar wind velocity. The dispersion relation of this 
process, given below, was derived in Shapiro and 
Shevchenko [1988]: 
2 2 2 I 2/-1 1+ 
2 
tovi - D(to, k)= 0 
-- (to + kU) 2- (1) 
where toHe and tope are the electron gyro and plasma 
frequencies respectively, 0¾iis the gyrofrequency of planetary 
O+ions, kpar is the component of the wave vector parallel to
the magndtic f eld. The solution f the dispersion relation is: 
= , 2 to \1/3 to toHekkvar/(k2+to•/c2)' Y=(nimv togIt /nvmiJ (2) 
where ni, np, mi, and mp are the densities and masses of the 
planetary O* ions and solar wind protons, respectively and ht is 
the growth rate of the waves. The frequency of these waves i  
in the vicinity of the lower-hybrid frequency (this being about 
0.65 B [nT] ~ 40 Hz in the manfie nthe plasma frame), but 
may exceed it epending o  the value of k par&; and fails in the 
30% fractional bandwidth [Scarf et al., 1980b] of the OEFD 
100 Hz channel. The numerical value of the instability shows, 
that he distance n cessary forthe instability to develop is 
about 10usw/ht~20 km.The inclination of the shocked solar 
wind velocity othe magnetic field is less than •/2, so the 
ions, having velocities of-u in the solar wind reference frame, 
excite waves with negative kpar. The xcited waves cannot be
pure whistler waves, because k > to/u ~6x !0.5 ~ to pe/C. For 
pure whistler waves k < tope/C should hold. 
We solved the dispersion relation above for k, assuming that
TABLE 3. 
dist '[kin] ...... , 0• ,[,kr• S] I1 to•r •sl i 
0 100 10• 
22 86 800 
63 67 563 
63 27 181 
90 -0 -0 
Change of phase velocity as a function of distance from the 
excitation region. 
the [B, u } plane is either parallel or perpendicular to the local 
normal of the ionopause, using measured values along the 
orbits in question, and the resonance condition along the solar 
wind flow direction. The calculation shows that the waves are 
propagating radially inwards towards the ionosphere with 
decreasing phase velocity. A characteristic change for the 
phase velocity, to/k, and the parallel phase velocity, ogkpar,_is 
given in Table 3 as a function of the distance from the 
excitation region. 
As a result of the decreasing phase velocity the waves can 
heat both the ionospheric electrons and ions but at different 
altitude. The phase velocity of the waves, as they propagate 
inward, first comes into resonance with ionospheric electrons, 
satisfying the resonance condition to = kparVe, where Ve is the 
electron velocity. The bulk temperature of the ionospheric 
thermal electrons is between 1,000 and 10,000 ø K, with an 
extended tail up to about 8 eV [Brace and Kliore, 1991 ]. This 
means that the waves will resonate farst with the tail and then 
deeper in the ionosphere with the thermal component of the 
electron distribution function (the thermal velocity of a 1 eV 
electron is --- 400 km s-1). The waves heat and accelerate the 
electrons along the field lines. The electrons are magnetized, 
therefore they are confined to remain inside the ionosphere and 
they transfer energy, via collisions, to the bulk, thermal 
electron population. A very similar wave particle interaction 
process was proposed to explain the tail of the observed 
electron energy distribution i  the manfie/planetosphere region 
of Mars [Sagdeev et al. 1990]. 
As the waves propagate further into the ionosphere, their 
decreasing phase velocity comes into resonance with the 
velocity of the planetary ions, to/k - vi- The ions are 2 to 3 
times cooler than the electrons and also heavier; their thermal 
velocity is of the order of 1 km/s, as the RPA data [Brace and 
Kliore, 1991] show. The resonance region, accordingly, is 
about 80 to 100 km further inward from the wave excitation 
region. The waves heat and accelerate he ions. The ions are to 
all practical purposes not magnetized, therefore they are 
accelerated along the electric fields of the waves out of the 
ionosphere, creating asuprathermal ion population outside the 
magnetosphere. The waves transfer momentum to the ions, 
and they also pick up momentum from the shocked solar wind 
outside the ionopause. When the ions reach the region where 
they were detected by the ONMS, we may assume that their 
velocity is getting close to that of the shocked solar wind. (it is 
important tonote that he geometry of the ONMS sensor puts a 
severe limit on the detectable ion velocity, namely the velocity 
component perpendicular to the spacecraft spin axis cannot be 
higher than 22 km s -1). Hence, from the fluxes given in Table 
2, we may estimate the particle density to be about 0.3 - 3 
cm -3. To assess the energy density transferred from the solar 
wind to the suprathermal ions and electrons via the wave 
particle interaction we could apply the quasilinear diffusion 
equation describing the energization process. This will be 
discussed in detail in a paper in preparation. Our current 
estimate is that there is an approximate quipartifion in the 
energy transfer to the ions and electrons. It is worth noting 
that the ion energization cannot be attributed to the ExB 
pickup mechanism, because the distance required for 
acceleration by that mechanism is larger than the region in 
question. 
2308 Szeg6 et al.: Plasma Mantle of Venus 
The energy flux F of the waves can be calculated from the 
dispersion relation as: 
•D/..2 8•) do) _ 1.5.10 lø / ak 
'ooo' f [km/l V/om [,B[nTI 100[km/s1 
(3) 
onsidering a typical wave field amplitude of Ef- 0.5 mV m -1 
z, the energy flux corresponds to 4 x !09 eV cm -2 s -1. This 
energy flux is of the right order of magnitude to reconcile 
measured and calculated electron temperatures; for example, 
Nag3, et •. [1991]., found that a downward electron heat flux 
of 5 x 10 u eV cm -z s -1 was necessary to arrive at temperatures 
consistent with the observed values in their two-dimensional 
model. 
As it was mentioned before, there were cases when 
suprathermal ions were not detected. We attribute this to the 
fact that on those special orbits the ionopause intersections 
were at very high altitudes and accordingly the thermal O + ion 
density was low. Under these circumstances it could not be 
expected that the energetic ions would show up in the ONMS 
data. 
4. Discussion 
In this paper we suggest asimple mechanism to describe the 
physical processes operating in the mantle region above the 
dayside ionosphere of Venus (above the magnetic barrier), 
based on the interaction of the shocked solar wind with cold 
planetary ions. This mechanism provides explanation for most 
of the observed features in this region: 1) the excitation of 
waves detected in the 100 Hz channel of OEFD, 2) the 
presence of suprathermal ions close to the ionopause 
boundary, and 3) dues to the missing heating mechanism for 
the Venus ionosphere. The conditions are somewhat different 
in the plasma environment of Mars than those at Venus (e.g., 
the possible presence of a small intrinsic magnetic field), 
nevertheless the wave particle interaction process outlined here 
for the mantle region of Venus is new and believed to be very 
similar to that at Mars. We assume that the mechanism we 
suggested plays an important role in the appropriate r gion of 
all non-magnetic solar system bodies. Our model also 
suggests a new mechanism for the heating of the ionosphere, 
and may provide the source mechanism for the electron fluxes 
assumed by Gan et al. [1990]. 
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